Abstract mda-9/Syntenin is a scaffolding PDZ domain-containing protein overexpressed in multiple human cancers that functions as a positive regulator of melanoma metastasis. Using a normal immortal human melanocyte cell line and weakly and highly metastatic human melanoma cell lines, we presently show that mda-9/syntenin initiates a signaling cascade that activates nuclear factor-KB (NF-KB) in human melanoma cells. As a consequence of elevated mda-9/syntenin expression, tumor cell growth and motility, fundamental components of tumor cell invasion and metastatic spread of melanoma cells, are enhanced through focal adhesion kinase (FAK)-induced and p38 mitogen-activated protein kinase (MAPK)-induced activation of NF-KB. Inhibiting mda-9/ syntenin, using an adenovirus expressing antisense mda-9/ syntenin, NF-KB, using an adenovirus expressing a mutant superrepressor of IKBA, or FAK, and using a dominantnegative mutant of FAK (FRNK), blocks melanoma cell migration, anchorage-independent growth, and invasion. Downstream signaling changes mediated by mda-9/syntenin, which include activation of FAK, p38 MAPK, and NF-KB, promote induction of membrane-type matrix metalloproteinase-1 that then activates pro-MMP-2-promoting migration and extracellular matrix invasion of melanoma cells. These results highlight the importance of mda-9/syntenin as a key component of melanoma metastasis providing a rational molecular target for potentially intervening in the metastatic process.
Introduction
Melanoma differentiation associated gene-9 (mda-9) was identified by subtractive hybridization as a novel gene displaying biphasic expression during terminal differentiation in human melanoma cells treated with a combination of fibroblast IFN (IFN-h) and the antileukemic compound mezerein (1, 2) . mda-9, also called syntenin, is now recognized as a significant member of the expanding family of scaffolding proteins with highly potent and diverse biological activities (3, 4) . A noticeable feature of mda-9/ syntenin is the presence of tandem PDZ domains of 83 and 80 amino acid residues, respectively (PDZ1 and PDZ2), which selectively bind to specific motifs at the COOH termini of partner proteins, including class B ephrins, pro-transforming growth factor-a, PTP-D, phosphatidylinositol 4,5-biphosphate, neurofaschin, neurexin, schwannomin (also known as merlin), interleukin-5 receptor a, lymphocyte receptor CD63, various glutamate receptor subtypes, and the syndecan family of heparan sulfate proteoglycans (3, 5, 6) . This flexibility of interacting partners allows MDA-9/syntenin to participate in an assortment of biological functions, including receptor clustering (7) , protein trafficking (8, 9) , synaptic transmission (3), activation of the transcription factor Sox4 (10), syndecan recycling through endosomal compartments (5) , and cytoskeleton-membrane organization (11, 12) .
Based on its biphasic expression in terminally differentiating human melanoma cells, we postulated that mda-9/syntenin might display an inverse relationship with tumor progression (low-level expression in melanocytes versus elevated expression as melanocytes evolve into malignant melanoma). This hypothesis was tested recently and validated using a clinically relevant melanoma model (13, 14) providing direct evidence that mda-9/syntenin promotes melanoma progression and metastasis in vivo (15) . The biological significance of mda-9/syntenin in melanoma progression is supported by immunohistochemical studies showing that MDA-9/syntenin is expressed by an increasing proportion of primary melanomas in the transition from the radial to vertical growth phase (15, 16 ). An intriguing property of mda-9/syntenin is its ability, when expressed by means of a replication-incompetent adenovirus (Ad.mda-9/S) in melanoma cells, to alter cytoskeletal organization, and increase focal adhesion kinase (FAK) phosphorylation and other signaling molecules, such as phospho-p38 and phospho-c-Jun NH 2 -terminal kinase (JNK), resulting in increased motility and invasive potential of melanoma cells (15) . In these contexts, by altering cytoskeletal organization and cell shape, signaling through mda-9/syntenin seems to be critical for regulating cell motility and invasion. However, it is unclear precisely how mda-9/syntenin regulates gene expression that culminates in these phenotypic changes (15, 17) .
Transcriptional regulators, such as nuclear factor-nB (NF-nB), play central roles in regulating gene expression that promote cancer cell motility and invasion (18, 19) . Cancer progression in multiple cancers, including melanoma, breast, prostate, colorectal, and ovarian cancer, and in specific forms of leukemia and lymphoma correlates with a significant elevation in NF-nB expression (18, 20, 21) . Based on this consideration, we have presently investigated the possible role of mda-9/syntenin in NF-nB activation. In its classic form, NF-nB consists of homodimer or heterodimer subunits of the Rel family, including p50 and p65 subunits, which are maintained in resting cells in an inactive state in the cytoplasm through binding to InBa (19, 22) . However, on stimulation with various stimuli, InBa becomes phosphorylated, ubiquitinated, and subsequently degraded via the ubiquitinproteasome pathway, thereby resulting in activation and migration of NF-nB proteins into the nucleus where this complex regulates expression of multiple target genes (23) .
We presently uncover a novel role of mda-9/syntenin as an important scaffolding protein that can initiate a signaling cascade resulting in the induction of NF-nB in human melanoma cells. Tumor cell growth and motility, which are primary contributors to invasion and metastatic spread of melanoma cells, are specifically enhanced by the functional cooperation of mda-9/syntenininduced FAK and p38 mitogen-activated protein kinase (MAPK) activation through activation of NF-nB. This increase in specific cell signaling pathways in our genetically manipulated melanoma cancer cells may represent an essential process that leads to induction of membrane-type matrix metalloproteinase-1 (MT1-MMP) subsequently activating pro-MMP-2, which in turn promotes migration and extracellular matrix (ECM) invasion by melanoma cells. These novel observations provide additional support for the hypothesis that mda-9/syntenin may provide an appropriate genetic target for melanoma cancer therapy.
Materials and Methods
Reagents and cell lines. Normal immortal human melanocyte (FM516-SV), M4Beu., a poorly metastatic human melanoma cell line, T1P26 and 7GP highly metastatic variants derived from M4Beu. cells, and MeWo and HO-1 metastatic melanoma cell lines isolated from patients were cultured as described (13, 15, 24) . Rabbit polyclonal antibodies, anti-p50, anti-p65, and InBa were from Santa Cruz Biotechnology (Santa Cruz, CA). A hgalactosidase expression plasmid (pSV-h-gal) and Luciferase Reporter Gene Assay kit were from Promega Corp. (Madison, WI). Galacto-Light Plus kit was from Tropix (Bedford, MA).
Virus construction and infection protocol. The recombinant replication-incompetent adenoviruses expressing Ad.mda-9/S and Ad.mda-9/AS expressing mda-9/syntenin in an antisense orientation were created in two steps as described previously and plaque purified by standard procedures (15) . Adenovirus constructs encoding FAK COOH-terminal domain (FRNK) or a dominant-negative JNK replication-defective adenovirus were provided by Drs. A.M. Samarel (Loyola University Chicago, Maywood, IL; ref. 25) and R.A. Fine (Department of Medicine, Columbia University Medical Center, New York, NY), respectively. Dominant-negative kinase-deficient mutant p38 MAPK (Ad.p38DN) and mt32InBa-superrepressor (Ad.InBamt32) adenoviruses were prepared as described and provided by Dr. K. Valerie (Virginia Commonwealth University, Richmond, VA; refs. 15, 26) . Cells were infected with a multiplicity of infection (MOI) of 1 to 100 plaqueforming units (pfu) per cell of Ad.null (control replication-incompetent adenovirus lacking a gene insert) or Ad.mda-9/S and then plated on fibronectin in serum-free medium for 2 to 4 h as described previously (15) .
Preparation of cell extracts and electrophoretic mobility shift assay. Cells infected with either the Ad.null vector, Ad.mda-9/S, or Ad.mda-9/AS were washed in cold PBS (pH 7.2), and cytoplasm and nuclear extracts were prepared as described previously (26) . Double-stranded oligonucleotides containing the consensus or mutated DNA-binding site for the NF-nB proteins (5 ¶-AGTTGAGGGGACTTTCCCAGGC-3 ¶ and 5 ¶-AGTTGAGGC-GACTTTCCCAGGC-3 ¶, respectively; Santa Cruz Biotechnology) were end labeled using [g-32 P]ATP according to the manufacturer's protocol (Promega) and purified using Sephadex G-25 column chromatography (Amersham BioSciences, Buckinghamshire, United Kingdom). The binding assay for the proteins was carried out as described previously (26) .
Western blot analysis. Whole-cell lysates and nuclear or cytoplasmic extracts were prepared, and Western blot was carried out as described previously (15, 26) . Blots were probed using rabbit polyclonal antibodies against p65, p50, or InBa according to the manufacturer's recommendation followed by sequential addition of a goat anti-rabbit IgG antibody conjugated to peroxidase and enhanced chemiluminescence development reagent.
Transfections and reporter assays. Briefly, cells (2 Â 10 5 ) were infected with either the Ad.null vector, Ad.mda-9/S, Ad.mda-9/AS, or Ad.mda.9/S/ Ad.FRNK with the indicated MOI. Twelve hours later cells were transfected with a NF-nB-responsive luciferase reporter construct with LipofectAMINE 2000. A total of 1.2 Ag plasmid DNAs, including pGL3Basic, 3nB-Luc, or 3nBmut-Luc plasmids, provided by Dr. A. Baldwin (University of North Carolina in Chapel Hill, Chapel Hill, NC; ref. 26) , were mixed with 0.3 Ag pSV-h-gal and transfected according to the manufacturer's protocols. Fortyeight hours after transfection, cells were trypsinized and plated on either poly-L-lysine-or fibronectin-coated surfaces (10 Ag/mL) in serum-free medium for 1 h. Cell lysates were harvested and luciferase activity was measured using a Luciferase Reporter Gene Assay kit according to the manufacturer's instructions. The h-galactosidase activity was determined using the Galacto-Light Plus kit. Luciferase activity was normalized by h-galactosidase activity and data represent the average of triplicates F SD.
Restrictive anchorage-independent growth assay. Colony formation in soft agar was determined as described previously using a modified assay that differentiates between tumorigenic and metastatic cells (15, 27) . Briefly, cells (1 Â 10 5 ) that had been infected with either the Ad.null vector, Ad.mda-9/S, Ad.InBa-mt32, or Ad.mda-9/S/Ad.InBa-mt32 were plated in complete culture medium containing 0.6% agar on top of 0.6% agar in the same medium in 60-mm dishes. Macroscopic colonies were counted and scored after 2 weeks growth under a dissection microscope. Clonogenicity was determined using three independent experiments.
Invasion and migration assays. Tumor cell invasion assays were done using 24-well BioCoat cell culture inserts (Becton Dickinson Labware, Bedford, MA) with 8-Am porosity polyethyleneterepthylate membranes coated with Matrigel as described previously (15) . Briefly, uninfected or infected cells (5 Â 10 4 in 500 AL serum-free medium) were seeded in triplicate on the upper part of each chamber. Chambers were incubated at 37jC at the indicated times, after which the filters were removed, fixed, and stained with DiffQuick Staining kit. Cells on the upper surface of the filters were removed by wiping with a cotton swab, and migration was determined by counting cells that had migrated to the lower side of the filter with a microscope at Â100 magnification. Experiments were done in triplicate, and at least eight fields were counted in each experiment. Wound healing scratch motility assays were done as described previously (15) .
Results
High constitutive NF-KB (RelA/p65) activation is observed in melanoma cells overexpressing mda-9/syntenin. mda-9/ Syntenin expression is elevated in metastatic melanoma cells versus normal melanocytes and it regulates the ability of melanoma cells to migrate toward fibronectin and invade a reconstituted basement membrane (Matrigel; ref. 15) . Because NFnB is required for specific aspects of tumor progression, including cell invasion/migration (19, 28, 29) , we investigated the possible relationship between NF-nB and mda-9/syntenin in melanoma cells. NF-nB electrophoretic mobility shift assays (EMSA) were done using an oligonucleotide probe containing a canonical NF-nB binding site (Fig. 1A) . When plated on poly-L-lysine-coated plates, normal immortal melanocytes (FM516-SV) and poorly metastatic melanoma cells (M4Beu.) contain low levels of two NF-nB protein complexes, suggesting that NF-nB is constitutively active in these cells. The level of these protein complexes slightly increased in FM516-SV and M4Beu. cells when plated on fibronectin. In contrast, when plated on fibronectin, the intensity of these complexes was greater in metastatic cells, including metastatic melanoma variants, T1P26 and 7GP, as well as in cell lines derived from patients with metastatic melanomas, MeWo and HO-1, which expressed high levels of mda-9/syntenin. In addition, when a reporter construct containing three NF-nB consensus binding sites upstream of the luciferase gene (3jB-Luc) was transiently transfected into melanoma cells, constitutive NF-nB promoter activity was significantly higher in the metastatic variants (T1P26 and 7GP) as well as in the metastatic melanoma cell lines (MeWo and HO-1) in comparison with FM516-SV or M4Beu. cells (Fig. 1B) .
Forced expression or inhibition of expression of mda-9/ syntenin by adenovirus transduction regulates NF-nB binding activity in human melanoma cells. To determine whether mda-9/syntenin regulates NF-nB activity that may underlie the ability of this gene to promote melanoma cell invasion and migration, we manipulated the expression levels of mda-9/syntenin in M4Beu., with low metastatic potential, and T1P26, which generates a high frequency of spontaneous metastasis in immunosuppressed neonatal rats (15) . Previous studies showed that the level of MDA-9/syntenin protein produced by adenovirus infection of FM516-SV or M4Beu. cells was comparable with the constitutive level found in T1P26 cells (15) . As an early indicator of NF-nB activation, we assessed the cytoplasmic levels of InBa protein by Western blot analysis. Infection of FM516-SV or M4Beu. cells with Ad.mda-9/S induced a time-dependent degradation of InBa, which became evident within 15 to 30 min and decreased further at 2 h after plating cells on fibronectin in comparison with uninfected or Ad.null-infected control cultures ( Fig. 1C and D) . Because NF-nB activation requires nuclear translocation of the p65 subunit of NF-nB, we measured the level of p65 in the cytoplasm and nucleus. As predicted, the level of the p65 subunit of NF-nB decreased in the cytoplasm of Ad.mda-9/S-infected FM516-SV and M4Beu. cells ( Fig. 1C and D) and concomitantly increased in the nucleus when compared with Ad.null-infected cells ( Fig. 1C and D) .
NF-nB EMSAs were done to further assess the ability of mda-9/ syntenin to modulate the levels of NF-nB activity in melanoma cells. Nuclear extracts prepared from control or uninfected FM516-SV or M4Beu. cells plated in serum-free medium on fibronectin contained low levels of two protein complexes ( Fig. 2A and B) . Infection of FM516-SV or M4Beu. cells with Ad.mda-9/S resulted in a pronounced dose-dependent increase of NF-nB consensus oligomer-binding activity compared with nuclear extracts prepared from control cells or Ad.null-infected cells ( Fig. 2A and B) . The specificity of the DNA-protein complex formed in infected cells was shown by the ability of increasing concentrations of unlabeled NFnB oligonucleotides (25-to 100-fold molar excess) to significantly decrease the binding of the 32 P-labeled oligonucleotides, whereas the addition of control oligonucleotides containing a mutated NF-nB binding site did not affect the binding of the labeled probe to the same extent ( Fig. 2A and B) . To establish the identity and composition of these complexes, EMSAs were done using p65 and p50 polyclonal antibodies. Incubating nuclear extracts with the combination of anti-p50 and anti-p65 resulted in the appearance of two supershifted bands in M4Beu.-and FM516-SV-infected cells with a concomitant loss of the unshifted NF-nB complexes ( Fig. 2B ; data not shown).
An antisense strategy also confirmed the association between mda-9/syntenin and NF-nB. After infection of T1P26 cells with Ad.mda-9/AS (50 and 100 pfu/cell) and plating on fibronectin in serum-free medium, a dose-dependent decrease in NF-nB activity Nuclear extracts from cells plated on poly-L-lysine (PL ) or fibronectin (FN) in serum-free medium for 2 to 4 h were assayed by EMSA with a 32 P-labeled oligonucleotide probe containing a NF-nB consensus binding site. B, constitutive NF-nB promoter activity. Cells transfected with the indicated reporter constructs were plated on fibronectin-coated plates in serum-free medium. Luciferase activity was measured as described in Materials and Methods. Columns, mean of triplicate samples from three independent experiments; bars, SD. C and D, InBa is degraded in a time-dependent manner and p65 is translocated from the cytoplasm into the nucleus following infection of FM516-SV (C ) or M4Beu. (D ) cells with Ad.mda-9 /S. Cells were infected with Ad.null or Ad.mda-9 /S at a MOI of 100 pfu/ cell. After 48 h, cells were plated on fibronectin-coated plates in serum-free medium. At the indicated times, whole-cell lysates were analyzed by Western blot (left). Expression of p65 protein in cytoplasmic (CE ) and nuclear (NE ) extracts were analyzed by Western blot (right ).
(up to 80% reduction) was observed (Fig. 2C) . Treatment of additional metastatic human melanoma cell lines, including SH-1, 3S5, C8161, and FO-1, with Ad.mda-9/AS resulted in a similar reduction in NF-nB DNA binding activity (data not shown). These results suggest a direct correlation between elevated mda-9/ syntenin and NF-nB expression and melanoma progression. Additionally, these experiments showed that mda-9/syntenin is able to induce an increase in NF-nB DNA binding activity that was mediated by the translocation of the p50/p65 NF-nB heterodimer into the nucleus of melanoma cells.
Adenovirus-mediated mda-9/syntenin expression regulates NF-nB-dependent gene expression in human melanoma cells. To confirm transcriptional activity of the NF-nB complexes, FM516-SV and melanoma cells were infected with Ad.null, Ad.mda-9/S, and/or Ad.mda-9/AS and transiently transfected with a luciferase reporter construct containing tandem NF-nB binding sites (3nB-Luc). A 6-and 8-fold induction in relative luciferase activity, respectively, was observed in Ad.mda-9/S-infected FM516-SV or M4Beu. cells plated on fibronectin compared with Ad.null-infected cells (Fig. 2D) . In contrast, when Ad.mda-9/S-infected cells were transfected with a reporter plasmid containing a mutated (3nBmut-Luc) or lacking NF-nB sites (pGL3Basic), no induction in luciferase activity was seen. In a similar set of experiments, we tested whether down-regulation of mda-9/syntenin expression in T1P26 cells by Ad.mda-9/AS could affect NF-nB transcriptional activity. In this experimental protocol, the transcriptional activity of the NF-nB-responsive promoter was decreased (up to 6-fold) in Ad.mda-9/AS-infected T1P26 cells. In contrast, no reporter induction was seen in control-, Ad.null-, or Ad.mda-9/AS-infected cells that were transfected with either pGL3Basic or the 3nBmut-Luc constructs (Fig. 2D) . Taken together, these data confirm a direct relationship between the expression of mda-9/syntenin and the transcriptional activation of NF-nB in immortal melanocytes and melanoma cells.
FRNK functions as a dominant-negative of mda-9/syntenin-mediated NF-nB activation. mda-9/Syntenin plays a pivotal role in the regulation of cell invasion and migration of melanoma cells by virtue of its ability to increase phosphorylation of FAK (15) . Given the central role FAK plays in the regulation of these processes and because both FAK expression and NF-nB activation associate with melanoma cancer progression (20, 30, 31) , we hypothesized that mda-9/syntenin expression might affect the NF-nB pathway in melanoma. To address this possibility, we tested whether a dominant-negative acting splice variant of FAK, FRNK, could function as a competitive inhibitor of NF-nB. FM516-SV or M4Beu. cells were coinfected with Ad.mda-9/S at a MOI of 50 pfu/cell and Ad.FRNK at a MOI of 10 to 100 pfu/cell, nuclear proteins were extracted, and EMSA was done. As shown in Fig. 3A and B, inhibition of NF-nB DNA binding activity was dose dependent and reached a maximum level of inhibition when infected with 50 pfu/cell of Ad.FRNK and Ad.mda-9/S compared with cells infected with Ad.mda-9/S alone. Significant inhibition of DNA binding activity was observed following infection with 10 pfu/cell of Ad.FRNK in combination with 50 pfu/cell of Ad.mda-9/S (approximately 80-85% inhibition of NF-nB DNA binding activity). Figure 2 . The NF-nB signaling pathway is activated by Ad.mda-9 /S. FM516-SV (A ) and (B ) M4Beu. cells were infected with Ad.null or Ad.mda-9 /S at the indicated pfu per cell and plated on fibronectin in serum-free medium for 2 to 4 h, and nuclear NF-nB binding activity was then assessed by EMSA. Adding a 100-fold excess of unlabeled consensus NF-nB oligonucleotide competitor inhibited binding, and a 100-fold excess of unlabeled mutated NF-nB probe had a minimal effect on binding. B, nuclear extracts from infected M4Beu. cells (100 pfu/cell) plated on fibronectin in serum-free medium were incubated with a double-stranded 32 P-labeled consensus NF-nB oligonucleotide followed by incubation with polyclonal antibody against the p65 and p50 NF-nB subunits or with control rabbit IgG. Arrows, supershifted bands. C, T1P26 cells were infected with Ad.null or Ad.mda-9 /AS at the indicated pfu per cell and plated on fibronectin, and nuclear NF-nB binding activity was analyzed by EMSA. D, FM516-SV and M4Beu. cells were either uninfected or infected with Ad.null or Ad.mda-9 /S at 100 pfu/cell. T1P26 cells were infected with Ad.null or Ad.mda-9 /AS at 100 pfu/cell. Twelve hours later, cells were transfected with the indicated reporter constructs and then seeded on fibronectin-coated plates in serum-free medium. Luciferase activity was measured as described in Materials and Methods. To further confirm the requirement for FAK in mda-9/syntenininduced activation of NF-nB in FM516-SV and M4Beu. cells, a NF-nB luciferase reporter assay was done. As shown in Fig. 3D , coinfection of the dominant-negative Ad.FRNK with Ad.mda-9/S significantly blocked in a dose-dependent manner mda-9/syntenin-induced transcriptional activation of NF-nB. Infected cells that were transfected with either pGL3Basic or 3nBmut-Luc containing three mutated NF-nB sites showed only basal transcriptional activation of NF-nB. Similarly, a dose-dependent decrease (10 and 50 pfu/cell) in NF-nB DNA binding activity (up to 80% reduction) and transcriptional activity of the NF-nB-responsive promoter (up to 8-fold) was observed in Ad.FRNK-infected T1P26 cells in comparison with Ad.null-infected cells (Fig. 3C and D) . These results indicate that FAK activation is required for mda-9/ syntenin-induced NF-nB activation and suggest that FAK might be the potential downstream signaling kinase that leads to the Figure 3 . Ad.FRNK is a negative regulator of mda-9 /syntenin-mediated NF-nB signaling. A and B, FM516-SV and M4Beu. cells were infected with Ad.null or Ad.mda-9 /S, alone or in combination with Ad.FRNK, at the indicated pfu per cell. C, T1P26 cells were infected with Ad.null or Ad.FRNK at the indicated pfu per cell. Cells were then replated on fibronectin in serum-free medium for 2 to 4 h, and nuclear NF-nB binding activity was then assessed by EMSA. D, FM516-SV and M4Beu. cells were infected as above and then transfected 12 h later with the indicated reporter constructs. T1P26 cells infected with Ad.null or Ad.FRNK (100 pfu/ cell) were transfected with the indicated plasmid. Cells were then seeded on fibronectin-coated plates in serum-free medium and luciferase activity was measured as described in Materials and Methods.
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Anchorage-independent growth and cell motility of melanoma cells depend on mda-9/syntenin induction of NF-nB. The ability of cancer cells to grow autonomously in an anchorage-independent manner and the processes of migration/ invasion are two prominent attributes of the metastatic phenotype of tumor cells. Using a soft agar assay that distinguishes between tumorigenic cells with the capacity to metastasize in vivo versus tumorigenic cells that lack this ability and a cell invasion/migration assay (27), we addressed the question of whether these two biological phenomena were dependent on NF-nB activation induced by mda-9/syntenin. For this analysis, we used an adenovirus expressing the mt32InBa superrepressor (InBa-mt32), Ad.InBa-mt32, which inhibits InBa degradation and subsequent NF-nB nuclear translocation (32) . As shown in Fig. 4A , Ad.InBa-mt32 (50 pfu/cell) was as effective as Ad.mda-9/AS (50 pfu/cell) in inhibiting the number (approximately 70-75%) and the size of T1P26 colonies in agar when compared with mock-or Ad.null-infected cells. Given the apparent equal efficiencies of Ad.InBa-mt32 and Ad.mda-9/AS in inhibiting anchorage-independent growth, we tested the ability of this mutant, Ad.InBa-mt32, to compete with endogenous NF-nB for DNA binding, thereby resulting in suppression of colony formation in agar. As shown in Fig. 4A , the number and the size of the colonies of FM516-SV and M4Beu. cells were significantly enhanced on infection with Ad.mda-9/S (50 pfu/cell), with a more dramatic enhancement observed in M4Beu. cells than in FM516-SV cells (15) . In contrast, this enhancement was significantly inhibited by more than 75% to 85% when cells were coinfected with Ad.InBa-mt32 and Ad.mda-9/S (50 pfu/cell of each virus; Fig. 4A ). A dominant-negative mutant of p65/RelA, Ad.InBa-mt32, blocks mda-9 /syntenin-mediated anchorage-independent growth, invasion, and migration of melanoma cells. A, anchorage-independent growth of FM516-SV and M4Beu. melanoma cells either uninfected or infected with Ad.null , Ad.mda-9 /S, or Ad.mda-9 /S + Ad.InBa-mt32 (50 pfu/cell of each virus). T1P26 cells were either uninfected or infected with Ad.null , Ad.mda-9 /AS, or Ad.InBa-mt32 (100 pfu/cell). Forty-eight hours later, 1 Â 10 5 cells were replated in complete culture medium containing 0.6% agar on top of a 0.6% agar base layer. Macroscopic colonies were scored after 2 wks. Columns, mean of triplicate colony counts from three independent experiments; bars, SD (left). Representative photomicrographs of colonies 2 wks after seeding in agar (right ). Magnification, Â20. B, migration/invasion of FM516-SV, M4Beu., and T1P26 melanoma cells either uninfected or infected with the indicated adenovirus as described in (A). Assays were done as described in Materials and Methods. Ten fields per cell line were counted. Columns, mean of triplicate sample from three independent experiments; bars, SD (left ). Representative photomicrographs of cell migration/invasion taken 48 h after seeding in Matrigel (right ). C, representative photomicrographs of cell migration by monolayer wound healing assays using FM516-SV and melanoma cells infected with the indicated adenovirus as described in (A). Phase-contrast images were taken 18 h after scrape wounding.
In addition to soft agar assays, coinfection of FM516-SV or M4Beu. cells with Ad.InBa-mt32 and Ad.mda-9/S (50 pfu/cell of each virus) induced a significant decrease in cell migration/ invasion (approximately 85-90%) compared with Ad.mda-9/Sinfected cells (Fig. 4B) . Similarly, Ad.InBa-mt32-infected as well as Ad.mda-9/AS-infected T1P26 cells displayed decreased migration/ invasion by approximately 85% to 90% (Fig. 4B) . In addition to Transwell assays, we also compared the cell motility of infected cells using a wound healing/scratch assay (15) . Eighteen hours after generating the wound in a monolayer of cells grown on fibronectin, the closure was almost complete in Ad.mda-9/S-infected FM516-SV or Ad.mda-9/S-infected M4Beu. cells compared with Ad.nullinfected cells, whereas healing (cell migration) was inhibited by f70% when cells were coinfected with Ad.InBa-mt32 and Ad.mda-9/S (50 pfu/cell of each virus; Fig. 4C ). Similarly, healing was inhibited by f85% in Ad.mda-9/AS-infected or Ad.InBa-mt32-infected T1P26 cells compared with Ad.null-infected cells (Fig. 4C) . mda-9/syntenin stimulates activation of pro-MMP-2 in melanoma. Because the NF-nB pathway modulates the expression of essential genes involved in cancer cell migration/invasion and metastasis (23), we hypothesized that mda-9/syntenininduced NF-nB activation might affect the activity and/or expression of MMPs, a group of ECM-degrading enzymes. A key MMP specifically implicated with progressive invasiveness of melanoma is MMP-2 (33). As shown by gelatin zymography, Ad.mda-9/S-infected FM516-SV or M4Beu. cells displayed increased expression of both the latent (72-kDa protein) and the active (64-kDa protein) forms of MMP-2 gelatinase in conditioned medium versus mock-or Ad.null-infected cells (Fig. 5A ). This enzymatic activity was further confirmed to result from the MMPs because incubation of the zymographic gel in the presence of 10 mmol/L EDTA completely extinguished the gelatinase activity in vitro (data not shown). In contrast, an increase in the levels of active MMP-2 and pro-MMP-2 expression (gelatinolytic activity) was prevented (up to a 90-95% reduction) when T1P26 cells were infected with Ad.mda-9/ AS compared with Ad.null-infected cells (Fig. 5A) . Consistent with this finding, we detected by reverse transcription-PCR (RT-PCR) a significant increase in the expression of MMP-2 mRNA in Ad.mda-9/S-infected FM516-SV or M4Beu. cells, Figure 5 . Inhibition of mda-9 /syntenin-mediated MMP-2 activation through induction of MT1-MMP by dominant-negative mutants of FRNK and p38 MAPK and Ad.InBa-mt32. A, Ad.mda-9 /S stimulates activation of pro-MMP-2 in immortal melanocytes and melanoma cells. FM516-SV, M4Beu., and T1P26 cells were infected with the indicated adenovirus at a MOI of 100 pfu/cell. Forty-eight hours later, cells were replated on fibronectin in serum free medium. The conditioned medium was collected and processed by gelatin zymography as described in Materials and Methods. B, total RNA was isolated from FM516-SV and melanoma cells that were infected with the indicated virus as described in (A ). RT-PCR was done with primer pairs to amplify MMP-2 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH ). C, Ad.mda-9 /S stimulates activation of MT1-MMP in immortal melanocytes and melanoma cells. FM516-SV, M4Beu., and T1P26 cells were infected with the indicated virus at a MOI of 100 pfu/cell and replated on fibronectin in serum free-medium. Forty-eight hours later, cell lysates were analyzed by Western immunoblotting for MT1-MMP protein expression. D, mda-9 /syntenin induces MT1-MMP expression by activating p38 MAPK and NF-nB pathways. FM516-SV and M4Beu. cells were infected with Ad.null , Ad.mda-9 /S, or Ad.mda-9 /S + the different Ad.dominant-negative or Ad.InBa-mt32 viruses (50 pfu/cell of each virus) and then replated on fibronectin in serum-free medium. T1P26 cells were infected with Ad.null , the Ad.dominant-negative, or Ad.InBa-mt32 viruses as above. Cell lysates were analyzed for MT1-MMP expression by Western blotting.
Cancer Res 2007; 67: (4) . February 15, 2007 whereas a significant reduction of MMP-2 mRNA expression was observed in Ad.mda-9/AS-infected T1P26 cells (Fig. 5B) . mda-9/syntenin induces MT1-MMP expression by activating FAK, p38, and NF-nB. Because activation of pro-MMP-2 is controlled by MT1-MMP in participation with the tissue inhibitor metalloproteinase-2 (TIMP-2; ref. 34) , we examined whether mda-9/syntenin-induced MMP-2 activation occurs through upregulation of MT1-MMP. As shown in Fig. 5C , the expression levels of both pro-MT1-MMP expression (65-kDa protein) and the active cleaved form of MT1-MMP (60-kDa protein) significantly increased in Ad.mda-9/S-infected FM516-SV or M4Beu. cells compared with Ad.null-infected cells. Conversely, the protein levels of both forms of MT1-MMP decreased significantly in Admda-9/AS-infected T1P26 cells compared with Ad.null-infected cells (Fig. 5C) .
mda-9 /Syntenin promotes tumor cell invasion/migration through activation of FAK and specific signal transduction pathways, including JNK and p38 MAPK (15) . Based on this consideration, the involvement of these pathways in the activation of the NF-nB signaling pathway leading to induction of MT1-MMP and subsequent activation of pro-MMP-2 was further studied using dominant-negative mutants of either FAK, p38, JNK, or NF-nB. As shown in Fig. 5D , expression of both forms of MT1-MMP was significantly inhibited by greater than 75% to 80% when FM516-SV or M4Beu. cells were coinfected with Ad.mda-9/S and Ad.FRNK, Ad.p38DN, or Ad.InBa-mt32 (50 pfu/cell of Ad.mda-9/S + 50 pfu/ cell of the Ad.dominant-negative) compared with Ad.null-infected cells. In contrast, MT1-MMP proteins were essentially unchanged in Ad.mda-9/S + Ad.JNK.DN-infected or Ad.mda-9/S-infected FM516-SV or M4Beu. cells. Similarly, Ad.FRNK, Ad.p38DN, or Ad.InBa-mt32 infection of T1P26 cells significantly decreased expression of MT1-MMP, whereas Ad.JNK.DN again had no effect (Fig. 5D) . These results strongly suggest that mda-9/syntenin signaling through FAK and p38 MAPK activates the NF-nB pathway, leading to induction of MT1-MMP and subsequent activation of pro-MMP-2 (Fig. 6 ).
Discussion
Cell motility and invasion are two critical determinants of cancer progression and metastasis. Previous studies confirmed that mda-9/syntenin, identified by subtraction hybridization (1, 2) , is a positive regulator of cancer development (15) . When expressed by means of a replication-incompetent adenovirus in melanoma, Ad.mda-9/S regulates cytoskeletal organization, promotes cell motility in vitro, and regulates tumor cell dissemination in vivo by enhancing the activity of critical components of the signaling pathways involved in establishing a motile phenotype, including FAK and MAPK pathways, such as phospho-p38 and phospho-JNK (15) .
We now provide evidence for a mechanism that underlies induction of motility and tumor cell growth based on the functional activation of the transcription factor NF-nB and its cooperation with FAK. (a) When mda-9/syntenin expression is elevated by a replication-incompetent adenovirus Ad.mda-9/S, immortalized human melanocytes and poorly metastatic melanoma cells plated on fibronectin exhibited significant activation of NF-nB compared with unmodified or Ad.null-infected cells, as documented by EMSA and luciferase reporter assays. Conversely, down-regulation of endogenous mda-9/syntenin expression using Ad.mda-9/AS decreased NF-nB activity in metastatic melanoma cells. (b) Blocking FAK activation by infecting immortalized human melanocytes and poorly metastatic melanoma cells plated on fibronectin with Ad.mda-9/S and an adenovirus expressing the COOH-terminal noncatalytic domain of FAK, FRNK (Ad-FRNK), inhibited mda-9/syntenin-induced transcriptional activation of NF-nB in a dose-dependent manner. (c) Interaction and subsequent migration/invasion of immortalized human melanocytes and poorly metastatic melanoma cells was significantly inhibited following coinfection with an Ad.InBa-mt32, which inhibits InBa degradation and subsequent NF-nB nuclear translocation, or Ad.mda-9/S compared with unmodified or Ad.null-infected cells. Similarly, down-regulation of endogenous transcriptional activation of NF-nB resulted in a significant inhibition of the haptotactic motility of highly metastatic cells. (d) When Ad.mda-9/S and Ad.InBa-mt32 were expressed together, immortalized human melanocytes displayed a less transformed phenotype and poorly metastatic melanoma cells exhibited a less aggressive transformed phenotype than unmodified or Ad.null-infected parental cells, as documented by induced/enhanced restrictive anchorage-independent growth, respectively. Similarly, down-regulation of endogenous transcriptional activation of NF-nB by Ad.InBa-mt32 rendered highly metastatic cells poorly aggressive. Collectively, these data (i.e., the Figure 6 . Hypothetical model of mda-9 /syntenin activation of defined signaling pathways leading to enhanced cell motility, invasion, and cancer cell growth. On interacting with the ECM (fibronectin), FAK is phosphorylated by mda-9 / syntenin, which results in phosphorylation and activation of p38 MAPK. This results in degradation of InBa and movement of p65 from the cytoplasm where interaction with p50 results in binding to target genes (MT1-MMP) resulting in enhanced production of MT1-MMP, which interacts with TIMP-2 activating pro-MMP-2 to produce active MMP-2. This product then enhances cell motility, invasion, and cancer cell growth.
gain or loss of function with sense or antisense gene delivery strategies, respectively) provide the first mechanistic evidence for mda-9/syntenin as a mediator of NF-nB activation in melanoma cancer progression.
Our studies also suggest a causal relationship between mda-9/ syntenin-induced FAK activation and subsequent NF-nB activation, leading to an increase in tumor cell motility and anchorageindependent growth in soft agar. Cancer cell migration is a highly dynamic process, governed predominantly by cell adhesion molecules and requiring organization of a complex structure, termed focal adhesion, on the cytoplasmic side of the plasma membrane (35, 36) . The tyrosine kinase FAK plays a central role in promoting cell migration in response to ECM proteins (36) . Experiments using adenoviral gene delivery of FRNK, a dominantnegative inhibitor of FAK, argue that mda-9/syntenin acting through FAK is a critical determinant of enhanced NF-nB activation. Of importance, overexpression of FAK in malignant cells, such as human leukemia, HL-60, also leads to enhanced activation of the transcription factor NF-nB, lending further support of a direct link between mda-9/syntenin, the activation of FAK, and the stimulation of the NF-nB pathway ( Fig. 6; ref. 37 ). The link established in this study between mda-9/syntenin, FAK, and NF-nB has significant implications for the regulation of cell migration events associated with tumor metastases because mda-9/syntenin is colocalized with FAK and stress fibers and promotes migration of human melanoma, breast, and gastric cancer cells in vitro and melanoma metastasis in vivo (15, 17) . These data, together with previous work showing high levels of expression of both FAK (36, 31) and NF-nB (18-20, 23, 38) in several different tumors, including cancers of the breast, head and neck, ovary, and melanoma, strongly support a role of mda-9/syntenin-induced FAK activation in enhancing cell motility and metastatic potential of melanoma through activation of the NF-nB pathway.
In addition to promoting migration of melanoma cells through NF-nB activation, mda-9/syntenin also induced an increase in the production of the MMP-2 as well as activation of its proteolytic activity. Such activation of MMP-2 is correlated with increased levels of MT1-MMP expression and cleavage by cell membranebound MT1-MMP (34) . Because TIMP-2 and MT1-MMP form a ''receptor'' complex that binds pro-MMP-2 resulting in the proteolysis of bound MMP-2 by an adjacent free MT1-MMP (39), we have also detected an increased level of TIMP-2 expression in Ad.mda-9-infected melanoma cells (data not shown). These results suggest that mda-9/syntenin facilitates a shift in balance toward increasing proteolytic activity of MMP-2. These data are consistent with a previously described pathway for progression of melanocytic lesions that is dependent on the expression of MT1-MMP and activation of MMP-2 by a NF-nBdependent pathway (40, 41) .
How might mda-9/syntenin mediate MT1-MMP that leads to MMP-2 activation? Experiments using Ad.FRNK or Ad.InBa-mt32 support the view that mda-9/syntenin-stimulated pro-MMP-2 activation occurs through FAK-and NF-nB-mediated induction of MT1-MMP. Such regulation of activation of MMP-2 by mda-9/ syntenin-induced NF-nB pathway is likely to be important in the development of melanoma metastases. This possibility is supported by our previous observations showing that poorly metastatic cells overexpressing mda-9/syntenin grew faster in a restrictive anchorage-independent growth assay and acquired a highly metastatic phenotype in vivo compared with highly metastatic variants, which display a reduced metastatic phenotype when infected with Ad.mda-9/AS (15) . Accordingly, it is conceivable that an important scaffolding protein, such as mda-9/syntenin, acting through FAK, induces enhanced activation of the transcription factor NF-nB in our melanoma model, which in turn allows tumor cells to produce active MMP-2 and acquire a highly migratory phenotype that facilitates their ability to metastasize ( Fig. 6; ref. 42 ). These observations together with the fact that blockade of NF-nB in several human-derived cell lines, including human prostate cancer cells, breast, murine lung alveolar carcinoma cells, and melanoma, resulted in suppression of invasion and metastasis (19, 43) lend further support for a critical role of mda-9/syntenin-mediated NF-nB activation in promoting cellular invasion and motility during melanoma progression.
This raises the obvious question about the mechanism by which mda-9/syntenin-induced NF-nB activation, acting through FAK, affects the expression of tumor-promoting genes, such as MT1-MMP, and subsequent MMP-2 activation, thereby promoting tumor migration/invasion? Previous data from our laboratory indicated that members of the MAPKs, JNK and p38, are important signaling components for mda-9/syntenin-dependent cytoskeletal reorganization, cell migration, and invasion of melanoma cells (15) . Our findings that specific pharmacologic inhibitors of p38 MAPK (data not shown) or a p38aDN-expressing adenoviral construct significantly inhibited NF-nB activity are consistent with the interpretation that p38 MAPK is involved in the regulation of MT1-MMP in our melanoma model, whereas JNK kinase does not seem to be essential (Fig. 6) . This difference may reflect the distinct signaling pathways involved in the regulation of MMP production in melanoma cells (44) . The functional importance of p38 MAPK in MMP-2 expression in melanoma cells was also suggested by a recent report showing that inhibition of p38 MAPK by the specific inhibitor SB203580 down-regulated MMP-2 expression resulting in reduced invasive potential of malignant melanoma cells (45) . Moreover, in different cell types, the p38 MAPK-dependent pathway interferes with the transactivation properties of NF-nB (46) (47) (48) . Although the mechanisms by which p38 MAPK activates NF-nB are controversial, with evidence supporting regulation of NF-nBdependent gene transcription via modulation of activation of the transcription factor IID and/or post-translational modifications, including phosphorylation and acetylation, of the RelA/p65 subunit, our data strongly suggest that mda-9/syntenin stimulates MMP-2 expression by activating MT1-MMP through the p38 MAPK and NF-nB pathways leading to melanoma cell migration and invasion.
Because NF-nB is already constitutively activated in immortalized human melanocytes and the poorly metastatic M4Beu. melanoma cells as shown in this study and previous research (21) , the present findings raise the intriguing possibility that mda-9/syntenin, acting through FAK and p38 MAPK, may function as an ''amplifier'' that dramatically potentiates the transcriptional activity of NF-nB and subsequently accelerates tumor cell motility and invasion. In support of this possibility, a molecular profile of genes modulated by NF-nB in malignant progression of a squamous cell carcinoma revealed that this transcription factor regulated a diverse repertoire of genes, including integrins and plasminogen activator, potentially involved in cell migration and invasion (23) . In this context, loss of mda-9/ syntenin would result in a complete disarray of the signaling proteins in cells, and loss of their ability to interact efficiently to promote appropriate signaling. How mda-9/syntenin holds multiprotein signaling complexes together is currently under investigation.
In summary, we presently uncover a novel role of mda-9/ syntenin as an important scaffolding protein that can initiate a signaling cascade resulting in the induction of NF-nB in human melanoma cells, which by itself is a critical prerequisite for tumor growth and metastasis. Our results support a model in which a specific increase in FAK tyrosine phosphorylation and activation of the p38 MAPK pathway induced by mda-9/syntenin in melanoma cells may represent an essential mechanism that subsequently leads to MMP-2 activation through NF-nB-mediated induction of MT1-MMP (Fig. 6) . Given that melanoma is a disorder that manifests diverse sets of clinical presentations and aggressiveness, it is possible that increased expression of mda-9/syntenin during melanoma progression may provide a survival advantage for cancer cells through activation of the NF-nB signaling pathway, which may then accelerate malignant progression by regulating several coordinated genes involved in invasion, metastasis, and angiogenesis. In this context, up-regulation of an important PDZ scaffolding signaling protein, such as mda-9/syntenin, with the ability to recruit and organize the formation of multimeric protein complexes that influence cytoskeleton dynamics leading to activation of NF-nB pathways may significantly affect melanoma progression and potentially progression of other malignant tumors. Of potential therapeutic relevance, targeting of the mda-9/syntenin pathway using antisense or small interfering RNA approaches or with smallmolecule inhibitors could provide a means for developing effective antimetastatic cancer therapies.
